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ADVANCED THERMOPLASTICS FOR 
ORTHODONTICS 

The present application claims the bene?t of Us. Provi 
sional Patent Application No. 60/393,791 ?led Jul. 3, 2002. 

FIELD OF THE INVENTION 

The present invention relates generally to polymer com 
prising orthodontic devices. One aspect of the present inven 
tion is more particularly concerned With neW and improved 
polymer comprising orthodontic components and appli 
ances. 

BACKGROUND OF THE INVENTION 

As is Well known, orthodontic appliances are used to 
move or manipulate certain teeth to correct irregularities 
and/ or abnormalities in their relationships With surrounding 
members. Orthodontic appliances include systems compris 
ing Wires and brackets as Well as systems comprising 
removable aligners. This manipulation is achieved by the 
application of designed force systems to selected teeth. The 
forces for these systems are provided by a force delivery 
component such as an arch Wire or spring. The Wire is 
elastically deformed, or activated, to absorb energy. The 
Wire sloWly releases this energy as it deactivates and returns 
to the relaxed condition. The released energy is applied to 
selected teeth, for instance by interaction of the loaded Wire 
With brackets attached to the teeth, to provide the desired 
tooth movement. 

Tooth movement can best be achieved by producing an 
optimal force system capable of delivering relatively light 
but continuous corrective forces. Some desirable biome 
chanical characteristics of the orthodontic force system 
include loW to moderate force magnitude, constancy of force 
magnitude during deactivation and accurate location of the 
force application point. The use of a loW to moderate force 
magnitude Will alloW the teeth to move rapidly and rela 
tively painlessly With minimum tissue damage. A constant 
force magnitude over time Will provide maximum tissue 
response. Additionally, if the orthodontic appliance releases 
force too rapidly, it becomes more di?icult to accurately 
produce the desired effect, requiring more frequent adjust 
ments to maintain the force at some minimum desired level. 

There are several additional criteria that are important for 
orthodontic appliances in general. For example, the orth 
odontic material must be non-toxic, resistant to the corrosive 
environment Within a patient’s mouth and available in 
desired shapes and dimensions. Some other important 
parameters, especially for orthodontic force delivery com 
ponents, include strength, elastic deformation, yield 
strength, sti?fness, formability and joinability. More recently, 
the aesthetic appearance of orthodontic components has 
become very important, With many patients expressing a 
strong preference for orthodontic components and appli 
ances that are less visually apparent against the patient’s 
teeth. 

Elastic deformation or “spring back” is a measure of the 
amount of de?ection or activation that the Wire or other 
component can sustain and still be totally elastic, that is, to 
recover to its original shape and position. The elastic defor 
mation of an orthodontic component is fundamentally pro 
portional to its ratio of ?exure strength to ?exure modulus; 
or similarly its ratio of tensile yield strength to modulus of 
elasticity. The higher the ratio of yield strength to modulus, 
the greater the elastic deformation. Design factors also affect 
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2 
elastic deformation, for example, the elastic deformation of 
round Wire varies inversely as the ?rst poWer of the diameter 
and the second poWer of the length of the Wire. Elastic 
deformation is important because it determines the distance 
over Which an appliance can provide an effective force 
system before readjustment is necessary. Appliances that can 
sustain larger elastic deformation (de?ection) can more 
readily engage teeth that are severely malposed. 

Yield strength must be high enough to assure achieving 
desired force levels for tooth movement and preventing 
appliance failure associated With permanent deformation. 
The lack of adequate yield strength can not be corrected by 
design changes such as increase in siZe or bulk because of 
siZe limitations in the oral cavity. Metals have traditionally 
been used in orthodontics because in the necessary cross 
sections they provide desirable force levels that other cat 
egories of structural materials, such as engineering plastics, 
have not been able to provide. 

Stiffness is the ratio of force/unit activation. The sti?fness 
or rigidity of an appliance varies signi?cantly With appliance 
design, for example, sti?fness varies as the fourth poWer of 
the diameter for round Wire. For rectangular Wire, sti?fness 
varies as bd3, Where b is the base or cross-sectional dimen 
sion perpendicular to the force and and d is the depth or 
cross-sectional dimension parallel to the force. Wires of 
unique cross-sections, such as polygonal, offer different 
sti?fnesses, and hence different forces, in different planes. 
Although not available With metal appliances, it is desirable 
for an appliance to have unique cross-sectional shapes that 
give greater control over tooth movement by varying force 
as required in the three dimensional planes. 
The stiffness of an appliance component, When stiffness is 

linear in the range of use, is a primary determinant of the 
force that can be applied to teeth during manipulation. 
Greater sti?fness results in more force for each unit of 
activation. Generally, loW sti?fness orthodontic components 
are required for active tooth movement and high sti?fness 
components for passive holding components. High sti?fness 
may be required for small de?ection applications. For 
example, if a tooth Were 4 mm out of alignment and 100 g 
of force is needed, 25 g/m Would be a loW stiffness and 
1,000 g/mm Would be a high sti?fness. 
Some orthodontic components, such as a Wire, require 

su?icient ductility to be formed to a desired customiZed 
shape for a particular patient. Additionally, the Wire has to be 
joinable to other Wires or components, While retaining its 
strength and elasticity characteristics. Naturally, the Wire 
must be available in a variety of desired cross-sectional 
shapes and dimensions as variability in cross-sectional shape 
can alloW greater potential control of orthodontic force 
systems. All orthodontic Wires have conventionally had 
either rectangular or circular cross sections. 
Some orthodontic components, such as attachments, that 

translate the force from the Wire directly to the tooth have 
additional criteria that have to be considered. For example, 
the design, geometry and overall dimensions of an attach 
ment such as a bracket are important for both its ease of 
manipulation as Well as its ability to help contribute to 
effective application of the orthodontic force system. Attach 
ments may be bonded directly to the tooth surface or 
mechanically fastened using a band that typically circum 
scribes the entire tooth. An attachment that is bonded may 
have certain functional shapes and contours on the surface 
contacting the tooth in order to aid adhesion. Attachments 
should be easy to fabricate or manufacture. Attachments 
must have su?icient strength to transfer force to the joined 
tooth Without attachment deformation or fracture. Addition 
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ally, it is desirable for the bracket to be comprised of a 
material that provides a loW level of friction to Wires Within 
the slot. Aesthetics of attachments are again very important 
to some patients. 

There have been attempts to use material selection in 
conjunction With appliance design to control orthodontic 
force systems. Over the years dental practitioners have used 
orthodontic force delivery components made from gold 
alloys, stainless steel alloys, nickel-titanium memory type 
alloys of the type described in US. Pat. No. 4,037,324 and 
beta titanium alloys of the type described in US. Pat. No. 
4,197,643 in an effort to design orthodontic components that 
can impart a desired force system. While the above materials 
have been successfully used for orthodontic applications, 
some de?ciencies remain. 

Orthodontic component aesthetics is an increasingly 
important consideration, particularly for labial appliances 
and components. Metal components have a characteristic 
gray or silver color that is quite obvious against the color 
background of the tooth structure and aesthetically objec 
tionable to many patients. The use of clear or tooth-colored 
components and appliances Would be considerably more 
aesthetically pleasing to many patients. Attempts have been 
made to overcome the aesthetic de?ciencies of metal orth 
odontic components. Tooth colored plastic coatings have 
been applied to the metal components. Such coatings can 
lose adhesion to the underlying metal surface and peel off; 
exhibit an undesirably high amount of friction When used 
With metal or ceramic brackets and are relatively soft and 
can be scraped or gouged by contact With harder surfaces. 

Metallic orthodontic components have also speci?cally 
been identi?ed as a problem area for the nuclear magnetic 
resonance diagnostic procedure, since metals do not exhibit 
the requisite radiolucency and interfere With the resulting 
images. 

There have also been attempts to use material selection to 
improve characteristics of other orthodontic components. 
Brackets have been fabricated from ceramic materials in an 
attempt to provide a more aesthetically pleasing appliance. 
HoWever, ceramic brackets, While available, are expensive; 
are not available in more complex shapes and siZes; are 
brittle; and are very hard and can Wear contacting teeth. 
Ceramic brackets may also be dif?cult to debond, leading to 
tooth enamel fracture. 

Another approach to orthodontic tooth movement is the 
use of a removable appliance, such as an aligner, in place of 
Wires and brackets. Such aligners can be very aesthetic and 
“patient friendly” since they are removable by the patient 
and require no bonding of attachments. One limitation of 
current materials With respect to aligners is the occurrence of 
permanent deformation adjacent to the imprint of the ?nal 
croWn position, Which does not alloW exact tooth movement 
because the shape of the aligner has been altered and no 
longer applies the required force. This permanent deforma 
tion is related to inadequate mechanical properties of avail 
able materials used in removable appliances, for example 
yield strength and modulus. 

It is generally believed that thermoplastic polymers such 
as polymethylmethacrylate (PMMA) or polycarbonate and 
even high strength polymers such as polyetheretherketone 
(PEEK) do not possess the requisite ?exural strength, modu 
lus and elastic deformation desirable, or in some cases 
necessary, for use as a force delivery component. Table 1 
lists the mechanical properties of some knoWn high strength 
engineering polymers as Well as properties for some metals 
useful in orthodontic use. 
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TABLE 1 

Tensile 
Flexure Tensile Strength, 

Flexure Strength, Modu- MPa 

Modulus, MPa lus, Ulti 
Material GPa Yield GPa Yield mate 

Polybenzimidazole (PBI) 6.6 221 5.8 160 
Polyarnide-irnide (PAI) 5.2 185 
Polyphenylene sul?de 3.8 96 3.8 65 

(PPS) 
Polyetheretherketone 4.1 170 3.5 97 120 

(PEEK) 
Polyether-irnide (PEI) 3.3 118 3.3 103 
Polyrnethylmethacrylate 2.3 91 2.5 51 5 3 

(PMMA) 
Polycarbonate (PC) 2.8 88 2.3 62 70 
Acrylonitrile-butadiene- 2.5 83 2.3 50 
styrene (ABS) 
Polyalnides (nylon) 1.8 80 1.9 60 75 
Thermoplastic 0.5 1.2 37 
Polyurethane 
Nickel-Titanium 41.4 1489 
Beta Titanium 71.7 127 6 
Stainless Steel 179.0 2117 

Brackets have been fabricated from polycarbonate mate 
rials in an attempt to provide a more aesthetically pleasing 
appliance. HoWever, polycarbonate brackets cannot resist 
the high stress magnitudes frequently encountered in orth 
odontics so that the bracket slot distorts or spreads apart 
under torque loading Well beloW the levels desirable for 
clinical use. In addition, polycarbonate brackets have tying 
Wings that have been knoWn to fail. Polycarbonate as an 
orthodontic material can also stain from contact With food. 
More recently, highly ?ber reinforced composite materi 

als such as those described in US. Pat. No. 4,717,341 have 
been proposed for use in orthodontics. Such highly ?ber 
reinforced composite materials shoW promise in this appli 
cation, hoWever, these materials presently are anisotropic, 
are someWhat dif?cult to form into complex shapes, require 
effective coupling of the high strength reinforcing phase into 
the polymer matrix and have loW ductility. 

Some De?nitions Used in the Speci?cation 
The folloWing terms Will have the given de?nitions unless 

otherWise explicitly de?ned. 
Elastic deformation or spring backithe amount of 

de?ection or activation that the Wire or other component can 
sustain and still be totally elastic, that is, to recover to its 
original shape and position. 

Filler materialiParticles, poWder or other materials hav 
ing having approximately equal dimensions in all directions. 
Filler material is added to a polymer primarily to enhance 
polymer properties such as Wear resistance, mechanical 
properties or color. 
NeatiWithout admixture or dilution, that is substantially 

free of materials such as additives, ?ller materials, other 
polymers, plasticiZers and reinforcing agents. 

Non-Thermoplastic polymeriAny polymer Which does 
not fall Within the de?nition of a thermoplastic polymer. 

Orthodontic applianceiA device used for tooth align 
ment, occlusal correction and non-surgical jaW alteration. 
Appliances can be ?xed or removable. Removable appli 
ances, such as aligners, are inserted and removed by the 
patient. 

Orthodontic attachmentiBrackets, tubes or other shapes 
bonded to a tooth or to a band that joins an orthodontic Wire 
With the tooth. 
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Orthodontic auxiliaryiItems added to supplement an 
appliance, including springs separate from the arch Wire and 
hooks and buttons joined to a Wire or tooth. 

Orthodontic componentiAny part of a ?xed or remov 
able appliance, for example attachments, Wires, ligating 
mechanisms and auxiliaries. 

Orthodontic force delivery componentiAny part of an 
orthodontic appliance that is capable of storing energy for 
tooth movement. 

Orthodontic ligating mechanismiMechanism such as 
metal ligature Wires, elastomeric rings or caps for joining 
Wires to an attachment. 

Orthodontic WireiA force delivery component of the 
appliance. 
PolymeriA long chain of covalently bonded, repeating, 

organic structural units. Generally includes, for example, 
homopolymers, copolymers, such as for example, block, 
graft, random and alternating copolymers, terpolymers, etc, 
and blends and modi?cations thereof. Furthermore, unless 
otherWise speci?cally limited, the term “polymer” includes 
all possible geometric con?gurations. These con?gurations 
include, for example, isotactic, syndiotactic and random 
symmetries. 

Reinforcing agentia ?lament, ?ber, Whisker, insert, etc. 
having a length much greater than its cross sectional dimen 
sions. Reinforcing agents are primarily used to increase the 
mechanical properties of a polymer. 

StilfnessiThe ratio of a steady force acting on a deform 
able elastic material to the resulting displacement of that 
material. 

Thermoplastic polymeriA polymer that is fusible, soft 
ening When exposed to heat and returning generally to its 
unsoftened state When cooled to room temperature. Ther 
moplastic materials include, for example, polyvinyl chlo 
rides, some polyesters, polyamides, poly?uorocarbons, 
polyole?ns, some polyurethanes, polystyrenes, polyvinyl 
alcohol, copolymers of ethylene and at least one vinyl 
monomer (e.g., poly (ethylene vinyl acetates), cellulose 
esters and acrylic resins. 
UnreinforcediA material With substantially no reinforc 

ing agent. 

SUMMARY OF THE INVENTION 

Brie?y, one aspect of the invention is an orthodontic 
component comprised of a thermoplastic polymer Wherein 
the thermoplastic polymer in the neat resin form has an 
unreinforced tensile strength of at least about 150 MPa and 
an unreinforced tensile modulus of at least about 4 GPa. In 
one embodiment the component comprises a rigid backbone 
polymer. In another embodiment the inventive component is 
an orthodontic force delivery component. 

Another aspect of the invention is an orthodontic appli 
ance comprised of a thermoplastic polymer Wherein the 
thermoplastic polymer in the neat resin form has an unre 
inforced tensile strength of at least about 150 MPa and an 
unreinforced tensile modulus of at least about 4 GPa. In one 
advantageous embodiment all of the components of the 
appliance are comprised of a rigid backbone polymer. In 
another embodiment the inventive orthodontic appliance 
includes components comprised of a rigid backbone poly 
mer as Well as components comprised of other materials. 

Yet another aspect of the present invention is the provi 
sion of an orthodontic component or an orthodontic appli 
ance having an improved aesthetic appearance. The com 
ponents and appliances are fabricated from a thermoplastic 
polymer having a refractive index of about 1.66 to about 
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6 
1.70. The thermoplastic polymer ranges from transparent to 
translucent and may include ?llers, additives or other mate 
rials to approximate the color of a patient’s tooth. In one 
embodiment the component comprises a rigid backbone 
polymer. 

Still another aspect of the invention is a method of 
manufacturing an orthodontic component comprising heat 
ing a thermoplastic polymer to a softened state and forming 
the softened thermoplastic polymer into an orthodontic 
component. 

In general, unless otherWise explicitly stated the material 
of the invention may be alternately formulated to comprise, 
consist of, or consist essentially of, any appropriate com 
ponents herein disclosed. The material of the invention may 
additionally, or alternatively, be formulated so as to be 
devoid, or substantially free, of any components, materials, 
ingredients, adjuvants or species used in the prior art com 
positions or that are otherWise not necessary to the achieve 
ment of the function and/ or objectives of the present inven 
tion. 
A better understanding of the invention Will be obtained 

from the folloWing detailed description and the accompa 
nying draWings as Well as from the illustrative applications 
of the invention including the several components of the 
invention and the relation of one or more of such compo 
nents With respect to each of the others as Well as to the 
features, characteristics, compositions, properties and rela 
tion of elements described and exempli?ed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and advantages of the invention Will be 
evident to one of ordinary skill in the art from the folloWing 
detailed description made With reference to the accompany 
ing draWings, in Which: 

FIG. 1 is a perspective vieW of one embodiment of an 
inventive force delivery component engaged Within slots of 
an inventive bracket. 

FIG. 2 is an illustration of a portion of one embodiment 
of an installed orthodontic appliance shoWing a pair of 
conventional brackets With an inventive force delivery com 
ponent engaged Within slots in each of the brackets. 

FIG. 3 is a schematic illustration of a portion of an 
orthodontic appliance shoWing an elastically deformed force 
delivery component releasing energy to a pair of bonded 
brackets. 

FIGS. 41140! are cross sectional representations illustrat 
ing some embodiments of some inventive orthodontic com 
ponents. 

FIGS. 5ai5b are schematic illustrations shoWing some 
shaped embodiments of inventive force delivery compo 
nents. 

FIG. 6 is a cross sectional illustration of one embodiment 
of an inventive torsional force delivery component releasing 
energy to one embodiment of an inventive bracket. 

FIG. 7 is a cross sectional representation of one embodi 
ment of an inventive Wire having a shape con?gured to 
register Within a mating bracket slot. 

FIG. 8 is a cross sectional representation illustrating three 
inventive Wire embodiments each having shapes con?gured 
to register Within a mating bracket slot. 

FIG. 9 is a cross sectional representation of one embodi 
ment of the invention illustrating an inventive retaining cap 
securing an inventive Wire Within a bracket slot. 

FIG. 10 is a cross sectional representation of one embodi 
ment of the invention illustrating an inventive integral 
retaining cap and Wire. 
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FIG. 11 is a front vieW of one embodiment of the 
invention illustrating an inventive ligating spring securing 
an inventive Wire Within a slot of a bracket. 

FIG. 12a is a cross sectional representation of one 
embodiment of an inventive tube With an attached hook. 

FIG. 12b is a front vieW of the tube of FIG. 12a. 
FIG. 13 is a cross sectional representation of one embodi 

ment of an inventive orthodontic auxiliary including a hook. 
FIG. 14 is a perspective vieW of a test bracket. 
FIG. 15 is a graph of stiffness and bracket Width for some 

inventive and comparative (polycarbonate) brackets. 
FIG. 16 is a graph shoWing maximum torque for some 

inventive and comparative (polycarbonate) brackets. 
FIG. 17 is a graph shoWing maximum stiffness for some 

inventive and comparative (polycarbonate) Wires. 
FIG. 18 is a graph shoWing maximum moment for some 

inventive and comparative (polycarbonate) Wires. 
FIG. 19 is a graph shoWing load-de?ection curves for 

some inventive orthodontic components. 
FIG. 20 schematically illustrates an inventive archWire 

formed by heat processing. 
FIGS. 21a, 21b and 210 each illustrate the placement and 

use of an inventive archWire in an orthodontic appliance 
installed on a model. 

FIG. 22 schematically illustrates placement and use of 
upper and loWer archWires in an orthodontic appliance. 

FIG. 23 schematically illustrates use of an inventive 
archWire as part of an orthodontic appliance before orth 
odontic correction. 

FIG. 24 schematically illustrates use of the inventive 
archWire of FIG. 23 after orthodontic correction. 

FIG. 25 schematically illustrates use of an inventive force 
delivery component as part of an orthodontic appliance 
before orthodontic correction. 

FIG. 26 schematically illustrates use of the inventive 
force delivery component of FIG. 25 after the orthodontic 
correction. 

FIG. 27 schematically illustrates a removable orthodontic 
aligner With varying stiffness at the incisal and gingival 
portions to effect lingual root movement. 

FIG. 28 schematically illustrates an inventive force deliv 
ery component incorporated into a removable aligner. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In contrast to the prevailing knoWledge in the art, it has 
noW been discovered that certain thermoplastic polymers 
surprisingly do possess the requisite combination of tensile 
strength, tensile modulus and elastic deformation to provide 
orthodontic force magnitudes at least at the loWer to inter 
mediate range of forces produced by conventional metal 
appliances. Thus one aspect of the present invention is the 
use of thermoplastic polymer materials to produce an orth 
odontic component, including (With reference to FIG. 1), for 
example, a force delivery component 12, an attachment 14, 
an auxiliary 16 (shoWn in FIG. 13) and a ligating mechanism 
18 (shoWn in FIG. 11). The inventive components can be 
used, With or Without conventional orthodontic components, 
to form novel orthodontic appliances 20 such as shoWn in 
FIG. 2. 
One class of polymers useful in the present invention are 

the rigid backbone polymers. As used herein, the term rigid 
backbone polymer encompasses any of a “rigid-rod poly 
mer”, a “segmented rigid-rod polymer”, a “semi-rigid-rod 
polymer” or a combination thereof. Rigid backbone poly 
mers have a backbone at least partially comprising arylene 
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8 
or heteroarylene moieties covalently bonded to each other. 
U.S. Pat. No. 5,886,130 (Trimmer et al.) and Us. Pat. No. 
6,087,467 (Marrocco, III et al.), the contents of Which are 
incorporated by reference herein, provide further description 
of some rigid backbone polymers. Parmax® 1000 and 
Parmax® 1200, available from Mississippi Polymer Tech 
nologies, Inc. of Bay St. Louis, Miss., are representative of 
some rigid backbone polymer materials found useful in 
practice of the invention. Rigid backbone polymers have a 
surprisingly unique balance of properties for use in orth 
odontic applications, that require high mechanical proper 
ties, for'mability, thermoplastic processing capability and 
sometimes translucency. In orthodontic applications, the 
mechanical properties of unreinforced rigid backbone poly 
mers are su?icient to deliver the necessary biomechanical 
forces, a level only possible With certain other polymers 
When a second phase, high strength reinforcement, such as 
?bers, are used. The absence of reinforcing ?bers or particles 
provides high ductility and ease of processing both for the 
clinician and the manufacturer, While maintaining a high 
degree of clarity, making for outstanding aesthetics. In 
addition, since the subject polymer is a thermoplastic there 
is for the ?rst time the potential of using various thermal 
processing methods, such as injection molding, compression 
molding or extrusion to form orthodontic components With 
various shapes and geometries. For example, the geometry 
and siZe of an inventive archWire can be varied along its 
length, creating endless, novel possibilities for control of 
forces. 

Rigid-rod polymers are comprised of phenylene monomer 
units joined together by carbon-carbon covalent bonds, 
Wherein at least about 95% of the bonds are substantially 
parallel to each other. Preferably, the covalent bonds 
betWeen monomer units are 1,4 or para linkages so that each 
monomer unit is paraphenylene. Each paraphenylene mono 
mer unit can be represented by the 

folloWing structure. 
This molecular arrangement of paraphenylene groups, 

While able to rotate about its long axis, cannot bend or kink 
as is possible With most other engineering polymer back 
bones, imparting high mechanical properties. 
A polymer consisting only of rigid-rod macromonomers 

Would not be soluble, making synthesis very difficult and 
thermal processing impossible. Accordingly, each of R1, R2, 
R3 and R4 is independently chosen from H or an organic 
solubiliZing group. The number and siZe of the organic 
solubiliZing groups chosen being su?icient to give the 
monomers and polymers a signi?cant degree of solubility in 
a common solvent system. As used herein, the term 
“soluble” means that a solution can be prepared containing 
greater than 0.5% by Weight of the polymer and greater than 
about 0.5% of the monomer(s) being used to form the 
polymer. As used herein, the term “solubiliZing groups” 
means functional groups Which, When attached as side 
chains to the polymer in question, Will render it soluble in an 
appropriate solvent system. Parmax® 1000 (poly-1,4 (ben 
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Zoylphenylene)), available from Mississippi Polymer Tech 
nologies, Inc., is one example of a rigid-rod polymer. 

Segmented rigid-rod polymers are polymers that com 
prise both rigid-rod segments comprised of rigid-rod mono 
mer units (de?ned above) and non-rigid-rod segments in the 
backbone of the polymer. The segmented rigid-rod polymer 
has the folloWing structure: 

Wherein 

R1 

represents the rigid-rod monomer segment described above 
and the repeating [A] units are other than the rigid-rod 
segments. The average length of the rigid-rod segment (n) is 
about 8 monomer units, While the average length of the non 
rigid-rod segment (m) is at least 1. Each of R1, R2, R3 and 
R4 is independently chosen from H or an organic solubiliZ 
ing group. 

Semi-rigid-rod polymers include a backbone comprising 
(1,4) linked paraphenylene monomer units and non-parallel, 
phenylene monomer units. Preferably, the non-parallel phe 
nylene monomer units comprise (1,3) or meta phenylene 
polymer units. By introducing non-parallel phenylene repeat 
units, speci?cally meta-phenylene repeat units, solubility 
and processability can be maintained With feWer solubiliZing 
groups (RliR4) than are required for rigid-rod polymers. 
These semi-rigid-rod polymers, With feWer parallel paraphe 
nylene units in the backbone are at most semi-rigid and do 
not have the extremely high viscosity characteristics of 
rigid-rod polymers, yet still have mechanical properties 
superior to standard engineering thermoplastics. One 
example of a para and meta structure is a random co 
polymer of benZoyl appended 1,4-phenylene and 1,3-phe 
nylene, Which is similar in structure to the commercial 
polymer Parmax® 1200 available from Mississippi Polymer 
Technologies, Inc. 

In some embodiments, the properties for rigid backbone 
polymers such as tensile strength and tensile modulus are 
dependent on the chemical structure of the polymer and 
processing conditions used to prepare the polymer. Alter 
ation of the monomer components and monomer component 
ratios is believed to alloW loWer values for properties such 
as tensile strength and tensile modulus. For example, the 
monomer component ratios could be altered to achieve a 
rigid backbone polymer having a neat resin tensile strength 
of about 150 MPa or loWer and a neat resin tensile modulus 
of about 4 GPa or loWer. 

All three classes of rigid backbone polymers use solubi 
liZing side groups to some extent. It is Well knoWn that it is 
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10 
dif?cult a priori to select an appropriate solvent, thus various 
factors Will determine the effectiveness of the selected 
solubiliZing groups. Such factors include the nature of the 
backbone itself, the siZe of the solubiliZing groups, the 
orientation of the individual monomer units, the distribution 
of the stabiliZing groups along the backbone, and the match 
of the dielectric constants and dipole moments of the solu 
biliZing groups and the solvent. Nevertheless, general strat 
egies have been developed. For example, if the rigid-rod or 
segmented rigid-rod polymers are to be synthesiZed in polar 
solvents, the pendant solubiliZing groups of the polymer and 
the monomer starting material Will be a group that is soluble 
in polar solvents. Similarly, if the rigid-rod or segmented 
rigid-rod polymers are to be synthesiZed in non-polar sol 
vents, the pendant solubiliZing group on the rigid-rod poly 
mer backbone and the monomer starting material Will be a 
group that is soluble in non-polar solvents. 

SolubiliZing groups Which can be used include, but are not 
limited to, alkyl, aryl, alkaryl, aralkyl, alkyl amide, aryl 
amide, alkyl thioether, aryl thioether, alkyl ketone, aryl 
ketone, alkoxy, aryloxy, benZoyl, cyano, ?uorine, heteroaryl, 
phenoxybenZoyl, sulfone, ester, imide, imine, alcohol, 
amine, and aldehyde. These solubiliZing groups may be 
unsubstituted or substituted as described beloW. Other 
organic groups providing solubility in particular solvents 
can also be used as solubiliZing groups. In some embodi 
ments adjacent solubiliZing groups may be bridging. 

Additional pendant solubiliZing side groups include alky 
lester, arylester, alkylamide and arylamide acetyl, car 
bomethoxy, formyl, phenoxy, phenoxybenZoyl, and phenyl. 
Further solubiliZing side groups may be chosen from *F, 
4CN, ‘CHO, ‘COR, 4CR=NR', 40R, iSR, 
iSOzR, 4OCOR, 4CO2R, iNRR', iN=CRR', iNR 
COR',4CONRR', and R, Where R and R' are each selected 
independently from the group consisting of H, alkyl, sub 
stituted alkyl, aryl, substituted aryl, heteroaryl and substi 
tuted heteroaryl. 

Unless otherWise speci?cally de?ned, alkyl refers to a 
linear, branched or cyclic alkyl group having from 1 to about 
9 carbon atoms including, for example, methyl, ethyl, pro 
pyl, butyl, hexyl, octyl, isopropyl, isobutyl, tert-butyl, cyclo 
propyl, cyclohexyl, cyclooctyl, vinyl and allyl. Linear and 
branched alkyl group can be saturated or unsaturated and 
substituted or unsubstituted. A cyclic group is saturated and 
can be substituted or unsubstituted. 

Unless otherWise speci?cally de?ned, aryl refers to an 
unsaturated ring structure, substituted or unsubstituted, that 
includes only carbon as ring atoms, including, for example, 
phenyl, naphthyl, biphenyl, 4-phenoxyphenyl and 4-?uo 
rophenyl. 

Unless otherWise speci?cally de?ned, heteroaryl refers to 
an unsaturated ring structure, substituted or unsubstituted, 
that has carbon atoms and one or more heteroatoms, includ 
ing oxygen, nitrogen and/or sulfur, as ring atoms, for 
example, pyridine, furan, quinoline, and their derivatives. 

Unless otherWise speci?cally de?ned, heterocyclic refers 
to a saturated ring structure, substituted or unsubstituted, 
that has carbon atoms and one or more heteroatoms, includ 
ing oxygen, nitrogen and/or sulfur, as ring atoms, for 
example, piperidine, morpholine, piperaZine, and their 
derivatives. 

Unless otherWise speci?cally de?ned, “alcohol” refers to 
the general formula alkyl-OH or aryl-OH. 

Unless otherWise speci?cally de?ned, “ketone” refers to 
the general formula ‘COR including, for example, acetyl, 


















